WHAT'S KNOWN ON THIS SUBJECT: Levels of daily physical activity in children are decreasing worldwide. This implies risk factors for cardiovascular and metabolic diseases.
In human history, satisfying hunger meant that people were forced to be physically active to get food and survive. During the last 50 years, as food supply became uncoupled from physical activity (PA), lifestyles changed from being physically active to being predominantly sedentary and inactive. 1 Because our genetic program did not change as fast as our lifestyle, PA changed from being a necessity into a primary preventive health measure for all ages. It is well established that PA reduces cardiovascular risk and helps protect against type 2 diabetes and some forms of cancer. 2 PA is also imperative for developing and maintaining muscle strength, joint function, and bone health. PA relies on muscular strength. Several studies showed that muscle strength also has significantly decreased over the past 20 years in children. 3, 4 Today the majority of girls and a large proportion of boys fail to meet the minimum target of 60 minutes of at least moderate intensity PA per day. 5 Furthermore, PA declines as children get older. 6 The arcuate nucleus of the hypothalamus is recognized as the brain' s command center for controlling energy balance. 7 Along with other hypothalamic and brainstem nuclei, the neurons of the arcuate nucleus coordinate energy intake and expenditure. Although most reviews discussing the regulation of energy balance are focused on food intake, little is known about the regulation of spontaneous PA in childhood.
Recently we have shown in children who have Prader-Willi syndrome (PWS), as well as in healthy junior ice hockey players, that individually targeted strength training induces increased spontaneous PA outside of training. In children who have PWS, a complex genetic disorder causing a profound aversion to PA, we were able to show that the introduction of a 10-minute daily strength training led to a significant increase of spontaneous PA, with the daily walking distance improving from an average 3.7 to 5.8 km. 8 In 12-to 13-year-old ice hockey-playing boys we found that 16 weeks of strength training not only increases leg and arm strength, but also significantly increases spontaneous PA outside of training. 9 The main objective of this randomized controlled intervention study was to assess whether participation in a school-based strength training program 2 hours per week would increase spontaneous daily PA outside of training in normal schoolchildren. We also wanted to test whether girls show a similar response to the training as boys, as our previous studies had only included boys. In addition, we wanted to examine whether the selected strengthtraining program is safe and whether it can be implemented easily by a school without using more resources than for normal physical education (PE) classes. The findings of this study could shed some light on what kind of interventions are effective to increase spontaneous daily PA in schoolchildren.
METHODS
This study was an individually randomized, controlled, school-based intervention study involving 102 schoolchildren (age 10-14 years) of a public primary and secondary school near Zurich, Switzerland. The study was approved by the Ethics Committee of the University Hospital of Zurich and, according to the institutional review board guidelines, informed consent was obtained from all participants and their parents. Two fifth and 4 seventh grade classes were selected. All girls and boys of these 6 classes were asked to participate. Those who were not able to take part in the normal PE classes for medical reasons, and therefore could not participate in a strength-training program, were excluded. Children who had a BMI above or below 62.5 SDs or on stimulant medication such as methylphenidate participated in the normal PE classes and were involved in the measurements, but were excluded from analysis. Under the supervision of the researcher (UE) children of each grade were randomly assigned to the intervention or control group by drawing lots. Girls and boys were randomized separately to balance the groups. There was no other stratification.
The intervention took place during 2 of 3 regular PE classes and consisted of 45 minutes of individualized strength training for the whole body following the recommendations of the American Academy of Pediatrics, Committee on Sports Medicine and Fitness. 10 Seven basic multiple-joint exercises were performed as a circuit in groups of 2: barbell back squat, barbell lunge squat, resistive-ball back extension, twisting crunch, barbell bench press, barbell bent over row, and barbell overhead press (Table 1, Supplemental Information I). Each session started with a 10-minute warm-up. Weights were introduced gradually when children had mastered proper technique. The weight was increased when the child was able to do more than 15 repetitions in the second set before reaching muscular exhaustion (60% of 1 repetition maximum). The PE teacher (RP), who was experienced in testing and training children, reviewed the workout logs during and after every session and made appropriate adjustments regarding training loads. Details of the training program are outlined in Table 2 . During the training the ratio between teacher and children was at least 1 to 8 (2 instructors for 16 children). The control group and the children not participating in the study continued their normal PE classes at the same time as the intervention group.
The study started in August, at the beginning of the new school year, and lasted until June. All children were tested 3 times: test 1 at baseline (August/September), test 2 after 19 school weeks at the end of the intervention (March), and test 3 at the end of a 3-month washout period after the intervention (June).
Height and weight were measured with standard techniques by using a Harpenden stadiometer (accuracy of measurement 1 mm) and an electronic balance (SECA708, Hamburg, Germany; d = 0.1 kg; CV, 0.055%), respectively. Children' s anthropometric data are given as SD score (SDS) to scale them for comparison across ages and gender, according to the first Zurich Longitudinal Study. 11 PA energy expenditure (PAEE) was objectively measured for 7 consecutive days by a body-fixed triaxial accelerometer (RT3, Stayhealthy, Monrovia, CA) in all participants. The accelerometer was worn following the manufacturer' s instructions at all times, except during sleeping hours and when taking a bath or shower. Measurements of PAEE were analyzed by a single blinded examiner (FW). PAEE was derived by dividing the total sum of all activity measurements (kcal) recorded every minute by the total amount of minutes when the accelerometer was worn during the 7-day period. We had previously validated this method in children by using Deuterium water dilution and indirect calorymetry. 12 Lean body mass (LBM) and fat mass (FM) were measured by dual energy radiograph absorptiometry (Hologic Discovery Wi, Bedford, MA). Children' s LBM and FM are expressed as SDS. 13 The maximum strength of the lower body was determined on a seated leg press (TECA, R.O.M. prestige, Ortona, Italy) and for the upper body on a Cybex smith press (Cybex; Owatonna, MN) by 1 repetition maximum testing. After a short standardized warm-up the participant performed the test with the maximum possible resistance (weight). All performance tests were conducted according to the protocol of Faigenbaum AD 14 by a single examiner (RP).
Skeletal maturity was assessed with the Tanner-Whitehouse 3 method. 15 Bone age (BA) was calculated based on a radiograph of the left hand and wrist.
All analyses were made in SPSS (version 9.0; IBM SPSS Statistics, IBM Corporation). Means and SDs were calculated for all variables. Student' s t test was used to test differences between groups and univariate relationships were assessed with Pearson correlation analysis. Multiple regression analysis was used to test associations independently from possible confounding factors. P values ,0.05 were considered to be significant.
RESULTS

Descriptive Statistics
Out of the 112 schoolchildren, 105 consented to participate. One boy was excluded because he was on stimulant medication (methylphenidate); 2 were excluded for having BMI higher than +2.5 SDS. A total of 102 children (42 girls and 60 boys) were included in the study. At baseline there was no difference for any of the variables between the intervention and the control group. Girls' and boys' mean age was 11.9 (10.3-13.9) and 12.3 (10.1-14.1) years, respectively (Tables 3 and 4) . Of the boys, 21 out of 32 in the intervention group and 17 out of 28 in the control group were prepubertal with a BA ,13 years. Of the girls, 4 out of 22 in the intervention group and 4 out of 20 in the control group were prepubertal with a BA ,11 years. Eighteen out of the 306 PA measurements were invalid, 6 for technical reasons and 12 for noncompliance (see Tables 3 -5) . No injuries occurred during the whole study period. and from baseline to the 3-month washout (see Supplemental Table 6 for  table showing baseline, intervention, and washout data for all variables).
Group Analysis
In the boys' intervention group, PAEE significantly increased by 10% from baseline to the end of training. The mean change in PAEE from baseline to the end of training was significantly higher in the intervention group compared with the control group. PAEE was unchanged between the groups from baseline to 3-month follow-up after washout period. In the intervention group, upper and lower body strength increased by 38% and 36%, respectively, while in the control group upper and lower body strength increased by 11% and 7%, respectively, from baseline to the end of training intervention, the differences between the groups being highly significant. At the end of the 3-month washout period however, upper and lower body strength of both groups showed no significant differences anymore. Agecorrected LBM slightly increased in the intervention group from baseline to the end of training intervention; however, when comparing the groups, LBM was unchanged. Age-corrected relative FM was unchanged across the study and between the groups.
In girls, PAEE remained unchanged in both the intervention and control group throughout the study. The intervention group showed an increase in upper and lower body strength by 33% and 29%, whereas in the control group upper and lower body strength increased by 12% and 9% from baseline to the end of training intervention. Again the difference between the groups was highly significant. After 3-month washout, however, no differences in upper and lower body strength between the groups were apparent. At the end of the training period, agecorrected LBM showed a non-significant decrease in the intervention group (20.1 SDS, +1.1 kg) and a nonsignificant increase in the control group (+0.1 SDS, +2.0 kg), the differences between the groups being significant (P = .02). At the end of training intervention, relative FM significantly (P = .03) increased in the intervention group (+1.0%) compared with the control group (+0.3%).
Covariable Analysis
Entire group correlation analysis of baseline variables revealed a positive correlation between PAEE and chronological age (r = 0.27, P , .05) and an even stronger correlation between PAEE and BA (r = 0.43, P , .05). A separate gender analysis showed a correlation with BA for boys (r = 0.46, P , .001) but not for girls (r = 0.43, P , .05).
After correcting PAEE for BA, the changes between the groups from baseline to the end of training intervention and from baseline to 3-month follow-up were recalculated. The results remained unchanged; boys but not girls significantly increased PAEE. We then tested whether the changes of PAEE from baseline to the end of training intervention could be associated with baseline covariates. PAEE did not correlate with age, BA, upper or lower body strength, LBM, or FM at baseline in any of the groups. At the end of training intervention only baseline PAEE was significantly negatively correlated with changes of PAEE (r = 20.45, P , .001).
DISCUSSION
Over the last decades there has been a continuing reduction in physical fitness in children and adolescents. [16] [17] [18] Lack of PA increases the risk for obesity, metabolic and cardiovascular diseases, and orthopedic problems. 2 Decreasing PA in children may even have a negative impact on PA behavior during adult life as well. 19 Our study in healthy schoolchildren aged 10 to 14 years shows that an individualized school-based strengthtraining program makes boys and girls stronger and significantly increases daily spontaneous PA outside the training intervention in boys.
Recently we have shown in children who have PWS who have a profound aversion to PA, as well as in healthy junior ice hockey players, that individually targeted strength training induces increased spontaneous PA outside of training. 8, 9 For the current study, 102 healthy schoolchildren were randomly placed in 2 groups. The control group continued 3 PE classes per week, whereas the intervention group had 2 out of 3 PE classes replaced by an individualized strength-training program. At baseline there was no difference in anthropometry, body composition, and PAEE between the groups. At the end of the training intervention, we found a significant increase of upper and lower body strength in the intervention group in boys and in girls. Boys significantly increased their PA by 0.11 kcal/min or 10%. Without taking into account the energy expenditure during the strength training, the 10% PAEE increase corresponds to a weekly bike ride of 2.5 hours corresponding to 45 km for a child of 40 kg body weight. In other words, an individualized schoolbased strength-training program increases energy expenditure outside the intervention by an equivalent of ∼7 kg of body fat corresponding to 10 kg of chocolate per year.
In our study girls and boys trained together and qualitatively had the same strength-training program. Although the girls were equally motivated and achieved a comparable increase of upper and lower body strength, they showed no increase in spontaneous PA at the end of the training intervention. We attribute this gender difference to the maturational differences between girls and boys. On average, puberty begins at age 11 years in girls and at age 13 years in boys. Most of the girls we studied were therefore pubertal (mean BA 12.2 years) in contrast to the boys who were mainly prepubertal (mean BA 12.2 years).
Corder et al measured PA behavior among 10-year-old British children (age 10.2 6 0.3 years) and again 1 year later; PA decreased over 1 year, particularly among girls and on weekends. 20 That the onset of puberty may be responsible for changing patterns of PA from a child regulation to an adult one is supported by our previous observation in junior ice hockey players, in whom the positive correlation between training intensity and spontaneous PA was lost with the onset of puberty. 12 The regulatory interplay of factors controlling PA seems to change from childhood to adulthood. Contrary to what we described in prepubertal ice hockey playing boys and school boys, it seems that exercise interventions in adults (in particular high-intensity exercise) do not affect spontaneous PA. [16] [17] [18] In obese adults, induced exercise was even shown to be negatively compensated by a reduction of spontaneous PA outside of training hours. 21 Future studies are needed to explore differences of regulation of PA between children and adults and to show whether individualized strength training increases PA in prepubertal girls.
As expected, LBM and FM did not significantly change in boys owing to strength training. In girls the changes of body composition were also expected; pubertal girls increase the percentage of body fat and accrue FM at a rate of 1.14 kg/year. 22 The differences between the groups were statistically significant. This may be explained because the girls in the control group were closer to the peak of their pubertal growth spurt; indeed they grew a bit faster than the girls in the intervention group (+0.5 cm).
Covariable analysis showed that the strength-training program was most efficient for the children who had the lowest PA. This is in line with our results in children who have PWS. They have very low PA and increased their spontaneous PA in response to a strength-training intervention by 57%. 8 In prepubertal children, less specific types of strength-training interventions are also able to increase PA. Sigmund et al showed that 45 minutes more PE including highintensity activities such as jumps, hops, and sprints also increases leisure time PA. 23 The mechanism by which strength training induces spontaneous PA remains unclear. There may be an endocrine signaling coming from the musculoskeletal system, which is responsible for a positive feedback between physical strength and PA. However, the physiologic importance of the homeostatic control of food intake and body weight, located in the central nervous system, is well known as discussed by Morton et al, for example. 24 We hypothesize that the central control of energy balance located in the hypothalamic nuclei also integrates information about physical capacity and overall physical strength. It seems that a new strength status of a person can induce adaptive adjustments of behavioral patterns and may affect activity levels directly.
If supervised by a qualified teacher, strength training is safe as already shown by others. 25 No injuries occurred throughout the study period.
Research increasingly indicates that strength training might be an optimal measure for children increasing musculoskeletal health and self-confidence. 26, 27 Schools are well suited to introduce children to strength training as they spend most of their time there and such activities are also much more attractive for children if carried out together with schoolmates. The cost of the equipment required for strength training is low.
CONCLUSIONS
Identifying factors related to changes in PA is an important step in developing interventions to stop decreases in PA levels during childhood. This randomized controlled trial shows that an individualized school-based strengthtraining program in prepubertal boys increases daily spontaneous PA outside the training. The impact is likely to fade with the onset of puberty. The girls in this study showed the same increase in upper and lower body strength, which suggests that they were similarly motivated, but no increase in daily spontaneous PA, which may be explained by their earlier pubertal development.
Further research is needed to understand the factors that influence PA in prepubertal and pubertal children and to find out what adequate training stimulus is needed to have a lasting impact on PA behavior.
